Death of oligodendrocyte (OL) precursors can be triggered in vitro by cystine deprivation, a form of oxidative stress that involves depletion of intracellular glutathione. We report here that OLs demonstrate maturation-dependent differences in survival when subjected to free radical-mediated injury induced by glutathione depletion. Using immunopanning to isolate rat preoligodendrocytes (preOLs), we generated highly enriched populations of preOLs and mature OLs under chemically defined conditions. Cystine deprivation caused a similar decrease in glutathione levels in OLs at both stages. However, preOLs were completely killed by cystine deprivation, whereas mature OLs remained viable. Although the glutathione-depleting agents buthionine sulfoximine and diethylmaleate were more potent in depleting glutathione in mature OLs, both agents were significantly more toxic to preOLs. Glutathione depletion markedly increased intracellular free radical generation in preOLs, but not in mature OLs, as indicated by oxidation of the redoxsensitive probe dihydrorhodamine 123. The antioxidants ␣-tocopherol, idebenone, and glutathione monoethylester prevented the oxidation of dihydrorhodamine in cystine-depleted preOLs and markedly protected against cell death. When the intracellular glutathione level was not manipulated, preOLs were also more vulnerable than mature OLs to exogenous free radical toxicity generated by a xanthine-xanthine oxidase system. Ultrastructural features of free radical-mediated injury in glutathione-depleted preOLs included nuclear condensation, margination of chromatin, and mitochondrial swelling. These observations indicate that preOLs are significantly more sensitive to the toxic effects of glutathione depletion and that oligodendroglial maturation is associated with decreased susceptibility to oxidative stress.
Death of oligodendrocyte (OL) precursors can be triggered in vitro by cystine deprivation, a form of oxidative stress that involves depletion of intracellular glutathione. We report here that OLs demonstrate maturation-dependent differences in survival when subjected to free radical-mediated injury induced by glutathione depletion. Using immunopanning to isolate rat preoligodendrocytes (preOLs), we generated highly enriched populations of preOLs and mature OLs under chemically defined conditions. Cystine deprivation caused a similar decrease in glutathione levels in OLs at both stages. However, preOLs were completely killed by cystine deprivation, whereas mature OLs remained viable. Although the glutathione-depleting agents buthionine sulfoximine and diethylmaleate were more potent in depleting glutathione in mature OLs, both agents were significantly more toxic to preOLs. Glutathione depletion markedly increased intracellular free radical generation in preOLs, but not in mature OLs, as indicated by oxidation of the redoxsensitive probe dihydrorhodamine 123. The antioxidants ␣-tocopherol, idebenone, and glutathione monoethylester prevented the oxidation of dihydrorhodamine in cystine-depleted preOLs and markedly protected against cell death. When the intracellular glutathione level was not manipulated, preOLs were also more vulnerable than mature OLs to exogenous free radical toxicity generated by a xanthine-xanthine oxidase system. Ultrastructural features of free radical-mediated injury in glutathione-depleted preOLs included nuclear condensation, margination of chromatin, and mitochondrial swelling. These observations indicate that preOLs are significantly more sensitive to the toxic effects of glutathione depletion and that oligodendroglial maturation is associated with decreased susceptibility to oxidative stress.
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Periventricular leukomalacia (PV L) is a lesion of the periventricular cerebral white matter that has its peak incidence in the premature infant and underlies the subsequent development of cerebral palsy and cognitive impairment (Volpe, 1995) . PVL is initiated by cerebral ischemia as a consequence of the presence in the white matter of vascular end zones and of the occurrence in the premature infant of a pressure-passive circulation (Volpe, 1997) . Impaired myelination is the principal pathological sequela of PV L (Rorke, 1992) , a finding supported by brain imaging studies from clinically affected children (Flodmark et al., 1989; van de Bor et al., 1989) .
Definition of the specific oligodendrocyte (OL) developmental stage when the vulnerability to injury is greatest would be a critical advance in the understanding of PV L but has been hampered by the lack of a suitable model system. We sought here to account for the propensity of PV L to occur in the premature infant by determining whether OL s demonstrate maturationdependent differences in susceptibility to death induced by oxidative stress. We chose to study oxidative stress, because PVL is related to cerebral ischemia, and ischemia and reperf usion is well established to lead to generation of injurious oxygen free radicals (Hill, 1991; Traystman et al., 1991; Kelly, 1993) . Thus, we developed an in vitro system to study two distinct OL maturational stages, the preoligodendrocyte (preOL) and the mature OL. The availability of stage-specific antibodies, developed against an array of sequentially expressed OL cell surface and myelin-specific glycolipids and glycoproteins (for review, see Pfeiffer et al., 1993) , enabled us to isolate highly enriched populations of preOLs by immunopanning (Gard et al., 1993) . The preOL, derived from A2B5 monoclonal antibody-positive OL progenitors, is the mitotically active premyelinating precursor to the mature myelin basic protein (MBP)-positive OL and is identified by immunoreactivity to the O4 but not the O1 monoclonal antibody McMorris and McKinnon, 1996) . The long-term maintenance of OLs was achieved using growth factors, including platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF), and ciliary neurotrophic factor (CNTF), which promote their in vitro survival, proliferation, or differentiation (Barres and Raff, 1994) .
We recently reported that cystine deprivation induced the death of a mixed population of OL precursors via a form of oxidative stress induced by depletion of intracellular glutathione (Yonezawa et al., 1996) . These studies were conducted in a serum-containing system in which the dependence on cystine for OL survival could be prevented by a diffusible factor released by astrocyte-rich mixed glial cultures. The present study characterized the intrinsic vulnerability of OLs to death triggered by oxidative stress at defined maturational stages in a chemically defined system in which the extrinsic effects of serum-and glialderived factors were eliminated. We found that preOLs and mature OL s displayed maturation-dependent differences in susceptibility to death caused by glutathione depletion.
MATERIALS AND METHODS
Oligodendroc yte cultures. Primary cultures of O4ϩO1Ϫ preOL s were prepared from the cerebral hemispheres of 4-d-old Sprague Dawley rats according to the immunopanning protocol of Gard et al. (1993) . The isolated preOL s (2 ϫ 10 4 ) were seeded in 50 l droplets of DM EM / Hepes-buffered Earle's balanced salt solution (1:1) on coverslips (12 mm in diameter) (633029; C arolina Biological Supply, Burlington, NC) coated with 50 g /ml poly-D-ornithine (P-0546; Sigma, St. L ouis, MO). Five coverslips in a 35 mm diameter dish were incubated for 30 min at 36°C in a humidified C O 2 incubator (95% air-5% C O 2 ), after which 2 ml of a serum-free basal defined medium (BDM), prepared as previously described (Gard et al., 1993) , was added to the dish. C ystine-containing BDM was prepared using cystine-free DM EM (custom formula 96 -0214DJ; Life Technologies, Grand Island, N Y). To generate cultures greatly enriched in either preOL s or mature OL s (see Results), the basal medium was supplemented every 72 hr, including at the time of plating, with selected combinations of growth factors: (1) 10 ng /ml PDGF AA and bFGF for 3 or 8 d after plating; (2) 10 ng /ml C N TF, 5 M forskolin, and 15 nM 3,3Ј,5-Triido-L-thyronine (T 3 ) for 8 d after plating; or (3) 10 ng /ml PDGF AA and bFGF for the first 8 d after plating, followed by an 8 d supplementation with 10 ng /ml C N TF, 5 M forskolin, and 15 nM T 3 . PDGF AA, bFGF, C N TF, and N T-3 were from Peprotech (Princeton, NJ).
Immunoc ytochemical characterization of oligodendroct yes. The mouse monoclonal antibodies A2B5, O4, and O1 (1:50) were visualized in live cultures using fluorescein-conjugated (-chain-specific) IgM (Vector Laboratories, Burlingame, CA) as secondary antisera (Bansal et al., 1989) . The O4 and O1 antibodies were prepared using hybridoma cells, which were the generous gift of Dr. Stephen Pfeiffer (University of Connecticut Health C enter, Farmington, C T). Mouse monoclonal antibodies against M BP (1:100) (Boehringer Mannheim, Indianapolis, I N) and glial fibrillary acidic protein (GFAP; 1:400) (Sigma) were localized using cultures fixed for 10 min at room temperature in 4% formaldehyde in HBSS before immunocytochemistry. Anti-M BP and anti-GFAP antibodies were visualized with fluorescein-conjugated goat anti-mouse IgG (Vector).
Quantitative characterization of the distributions of OL maturational stages generated by particular culture conditions was determined in a minimum of three experiments. At least 10 20ϫ fields (Ͼ1000 cells) were counted using a Nikon epifluorescent microscope to quantif y the number of cells labeled by each antibody. Coverslips were mounted in Fluoromount-G (Southern Biotechnology, Birmingham, AL) containing 0.5 g /ml Hoechst 33258 (Sigma) prepared as a 5 mg/ml stock solution in water. Total cell number or nuclear condensation associated with cell death were determined by visualizing nuclei labeled with Hoechst 33258.
Quantification of viable cells. Survival of cells was determined after 24 hr, unless otherwise indicated, by using Alamar blue (AB) (AccuMed International, Westlake, Ohio) as an index of viability (McGahon et al., 1995) . The assay solution was prepared by diluting a 100ϫ stock solution of AB into Earle's balanced salt solution (EBSS) (14015-028; Life Technologies). Aliquots of 300 l of assay solution were transferred to 24-cell well plates and warmed to 36°C in a humidified C O 2 incubator before use. Coverslips were incubated in the assay solution for 2 hr, unless otherwise indicated. The fluorescence of the assay solution (1:50 in EBSS) was measured (excitation at ϭ 560 nm; emission at ϭ 590 nm) with a Hitachi F-2000 fluorescence spectrophotometer. The incubation time for AB exposure produced a value that was no less than five times greater than background and yielded an increase in fluorescence that was linear over the duration of the assay.
Glutathione measurement. Total glutathione was determined by using a previously described kinetic assay (Tietze, 1969) . The medium was aspirated, and the cultured cells were washed twice with HBSS. Perchloric acid (0.3 M, 200 l) was added to each coverslip and incubated for 15 min on ice with gentle shaking. The perchloric acid solution was transferred to a 1.5 ml microcentrif uge tube and adjusted to pH 7.6 with 3 M potassium bicarbonate (20 -25 l) . After a 30 min incubation on ice, the solution was centrif uged at 14,000 rpm for 5 min at 2-4°C. For determination of glutathione content, 50 l of the supernatant solution was added to a 96-cell well plate containing the following: 50 l of vehicle solution containing 0.3 M perchloric acid adjusted to pH 7.6 with 3 M potassium bicarbonate, 50 l of 2.4 mM 5,5Ј-dithiobis-2-nitrobenzoic acid (D-8130; Sigma), and 50 l of 40 g /ml glutathione reductase (Boehringer Mannheim) in 0.1 M sodium phosphate buffer (pH 7.6) with 5 mM EDTA. Immediately after adding 50 l of 0.8 mM NADPH (N-1630; Sigma), the initial rate of reaction at 25°C was determined from the change of absorbance at 405 nm measured every 15 sec over the first 6 min of the reaction (Thermomax microplate reader; Molecular Devices, Sunny vale, CA). Total glutathione content (reduced and oxidized) was determined in reference to a standard curve. Protein content was determined by a Micro BSA protein assay kit (Pierce, Rockford, IL).
Glutathione depletion studies. For cystine deprivation studies, dishes containing five coverslip cultures were routinely washed once in 2 ml of cystine-depleted medium immediately before transfer to experimental medium (2 ml) to remove excess cystine derived from the culture medium. Buthionine sulfoximine (BSO) (B2640; Sigma) and diethylmaleate (DEM) (M5887; Sigma) 10 mM stock solutions were freshly prepared in BDM. Cultures were exposed to 2 ml of medium containing BSO or DEM. Glutathione monoethylester (G1404; Sigma) was prepared as a 100 mM stock solution in sterile 50 mM PBS, pH 7.4, which was stored at Ϫ80°C until use.
Free radical scavengers. Idebenone (Takeda Chemical Industries, Osaka, Japan) and ␣-tocopherol were prepared as 1 mM stock solutions in DMSO and stored at Ϫ20°C until they were directly added to the experimental medium.
Fluorescence imag ing by confocal microscopy. Dihydrorhodamine 123 (D-632; Molecular Probes, Eugene, OR) was prepared as a 10 mM stock solution in DMSO and stored at Ϫ20°C. C ells were loaded in medium containing 5 M dihydrorhodamine 123 at 36°C in a 5% C O 2 incubator for 20 min before microscopy. After loading, the cells were briefly washed twice in HBSS and immediately visualized using either a Z eiss Microphot epifluorescent microscope or a laser scanning confocal microscope (Noran Instruments), with an argon-ion laser coupled to an inverted microscope (Nikon Diaphot 200) and equipped with a 40ϫ oil-immersion objective (Nikon Plan Fluor, 1.30 NA). C ells loaded with dihydrorhodamine were visualized by excitation at ϭ 490 Ϯ 15 nm light using a rhodamine long-pass filter, and fluorescence emission was detected at Ͼ 515 nm. The beam was attenuated using a 15 nm dichroic confocal aperture. In all experiments, laser settings, including brightness, contrast, and exposure time (100 nsec), were held constant. Frame-averaged confocal images (32 per image) were digitalized at 512 ϫ 480 pixels using microcomputer-based imaging software (Noran OZ with Intervision). For analysis of cellular fluorescence intensity, regions of interest were selected to include oligodendroglial cytoplasm but to exclude the nucleus. Values reported represent the average of mean pixel intensities determined from comparable numbers of cellular profiles (Ͼ50) for all conditions. E xogenous f ree radical toxicit y studies. Superoxide anion was generated using xanthine (X-0626; Sigma) and xanthine oxidase (X-1857; Sigma). Xanthine was freshly prepared in experimental medium and diluted to a final concentration of 50 M. E xposure of OL cultures to superoxide anion was initiated by the addition of xanthine oxidase (5 mU/ml) to the xanthine-containing medium.
Ultrastructural characterization of OL tissue cultures. Six coverslip cultures of preOL s exposed for 14.5 hr to cystine-containing or cystinedepleted medium were fixed and processed for electron microscopy using a protocol identical to that described previously (Rosenberg and Harris, 1993) . A minimum of 50 separate regions were sampled from two separate coverslips per condition and photographed in a JEOL 1200 EX electron microscope.
Statistical anal ysis. Unless otherwise noted, all experiments were replicated three times, and all values were derived from measurements done in triplicate. Significance for multiple comparisons was determined by one-way ANOVA with post hoc comparison by Student-Newman -Keuls multiple comparisons test using the Instat 2 computer program (Graph Pad Software, San Diego, CA) or by factorial ANOVA using SAS version 6.12 (SAS Institute, C ary, NC). The Student's t test was used for comparison of two conditions. In the text, dispersion in single experiments is indicated by the SD and in pooled data by the SEM. Survival data are presented as the percentage of viable cells compared with control cultures.
RESULTS

Production of preOLs and mature OLs in culture
To determine whether OLs display maturation-dependent differences in survival in response to cystine deprivation, we first sought to establish culture conditions to generate highly enriched populations of preOL s or mature OL s. We evaluated the effects of selected combinations of growth factors on O4ϩO1Ϫ preOLs isolated by immunopanning (see Materials and Methods). We first characterized cells grown in the presence of preOL medium that consisted of medium supplemented with 10 ng /ml bFGF and PDGF AA. These growth factors have been shown to promote the preOL phenotype (Bogler et al., 1990; McK innon et al., 1990; Huber et al., 1994) . After 3 d in culture, the majority of cells were apparent OL progenitors that displayed an immature phenotype characterized by cells with a bipolar morphology. Immunocytochemical characterization with monoclonal antibodies directed to OL cell surface epitopes confirmed that most of these cells were OL progenitors but with some preOL s present; 91 Ϯ 3% stained with the A2B5 antibody, and 21 Ϯ 8% stained with the O4 antibody ( Fig. 1) . After 8 d in culture, large numbers of preOLs were generated. Most cells displayed a more mature phenotype characterized by cells with a simple multipolar morphology. The majority (83 Ϯ 6%) stained with O4 antibody. A minority of the cells (23 Ϯ 10%) stained with O1 antibody. Contamination by astrocytes in 8-d-old cultures was 5.6 Ϯ 2.8% (n ϭ 4).
We tested the response of preOL s to a mature OL medium, which consisted of BDM supplemented with 10 ng /ml CNTF, 15 nM T 3 , and 5 M forskolin. After 8 d in culture, a greatly enriched population of mature OL s was generated (Fig. 1 ). Most cells elaborated extensive sheets of membrane that stained for M BP. Immunocytochemical characterization confirmed that the majority of these cells were mature M BP-positive OLs (91 Ϯ 1%) (Fig. 1) .
Maturation-dependent difference in OL dependence on cystine for survival
We next asked whether preOL s and mature OL s displayed a difference in their response to oxidative stress induced by cystine deprivation. A clear dependence of preOLs on cystine for survival was shown by a 24 hr exposure to medium containing varying concentrations of cystine (Fig. 2 A) . Loss of cell viability in cystine-depleted medium was quantified by a sensitive fluorescent assay that measured the decrease in metabolism of the proprietary formazan dye AB (see Materials and Methods). Figure 2 A shows that AB fluorescence was a direct measure of preOL death under conditions of oxidative stress. When cells were exposed to varying concentrations of cystine, there was no significant difference in the EC 50 for OL viability, as determined using either AB or trypan blue (TB) (Perry et al., 1997) (Fig. 2 A) or the MTT assay (Mosmann, 1983 ) (data not shown). In six experiments, the EC 50 for cystine, determined by using AB, ranged from 0.5 to 35 M, with an EC 50 of 2 Ϯ 2 M for five of these experiments. In three experiments, the EC 50 for cystine, determined by using TB, ranged from 0.2 to 6 M, with an EC 50 of 3.1 Ϯ 2.9 M.
When the 24 hr survival of preOLs and mature OLs in cystinedepleted medium was compared, preOLs were almost completely killed, whereas mature OLs were largely viable. The cystinedeprived preOLs had a survival of 2 Ϯ 0.3% compared with 76 Ϯ 14% for the mature OLs (Fig. 2 B) . In eight separate experiments, the mean 24 hr survival of preOLs in cystine-depleted medium was 3 Ϯ 1% of control ( p Ͻ 0.001). In contrast to preOL s, mature OL s in 10 separate experiments showed a much greater viability of 87 Ϯ 3% of control ( p Ͻ 0.005) when exposed to cystine-depleted medium for 24 hr (Fig. 2 B) .
Survival of mature OLs is independent of cell density and previous history of growth factor exposure
We next considered that the enhanced survival of mature OLs in cystine-depleted medium might be related to the conditions under which the cells were grown. We first investigated the effect of cell density on the survival of mature OLs. PreOLs cultured in the presence of PDGF and bFGF were mitotically active; therefore, cell number continuously increased after plating. However, mature OLs were of much lower density, because they were generated from cultures that expanded more slowly in the mature OL medium. To assess the effect of increased cell density on mature OL survival, we generated mature OLs at a density comparable to or greater than that of preOLs grown for 8 d. This was accomplished by culturing preOLs for 8 d in preOL medium. Thereafter, from day 9 -16 in culture, bFGF and PDGF were withdrawn, and the preOLs were supplemented every 72 hr with the mature OL medium. This protocol generated a more dense population of mature OLs that were immunocytochemically similar to the lower density cultures of mature OLs (data not shown). Figure 3A shows the results of a representative experiment demonstrating that an increase in cell density did not decrease the survival of mature OLs after a 24 hr exposure to cystine-depleted medium. The average 24 hr survival of the higher density cultures was 95 Ϯ 2% of control (n ϭ 10). Unless otherwise noted, mature OLs generated by this protocol were used in all subsequent experiments.
Another potential explanation for the difference in viability of preOLs and mature OLs was an effect on viability mediated by one or more of the growth factors to which the cells were exposed during culture. We reasoned that if the enhanced vulnerability of preOLs to cystine deprivation was conferred by the growth factors with which they were generated (i.e., PDGF and bFGF), then exposure to these same growth factors might also decrease the survival of cystine-deprived mature OLs. This was assessed by exposing low-density 7-d-old cultures of mature OL s (i.e., with no previous exposure to bFGF or PDGF) to preOL medium (containing bFGF and PDGF) for 48 hr. The effect of cystine deprivation on the survival of 9-d-old cultures of mature OL s exposed only to the mature OL medium did not differ, however, from the effect on the 9-d-old cultures of mature OL s that had previous exposure to preOL medium (Fig. 3B) . A lack of effect of previous exposure to PDGF and bFGF on the survival of mature OLs was further supported by the observation that the higher density cultures of mature OLs remained largely viable in cystinedepleted medium, despite their previous history as preOLs exposed continuously for 8 d to PDGF and bFGF (Fig. 3A) . PreOLs were also equally vulnerable to cystine deprivation when tested in the presence or absence of the growth factors that stimulated their proliferation (i.e., PDGF and bFGF) (data not shown). Hence, regardless of the timing of exposure to PDGF and bFGF, mature OLs retained their resistance to the toxicity of cystine deprivation. Figure 2 . A, AB is a direct measure of OL viability. Dose-response curves of preOL survival as a f unction of the concentration of cystine in the culture medium were compared using AB or cell counts with TB. In this experiment the EC 50 for cystine was 3 M, as determined by AB or TB. B, PreOLs are markedly more vulnerable to cystine deprivation than mature OL s. The survival of preOL s was 2 Ϯ 0.3 versus 76 Ϯ 14% for the mature OLs. Figure 3 . A, Cell density has no effect on the survival of mature OL s in cystine-depleted basal defined medium (CYS-). Survival of preOLs was also determined to confirm the relative toxicity of the cystine-depleted medium to the two OL stages. Mature OL s were generated at low density (LD) or high density (HD), as described in Materials and Methods. Values are expressed as the corrected fluorescent emission at 595 nm of the reaction product generated after a 2 hr incubation in AB. In this experiment, the survival of the preOL s was 2 Ϯ 0.4%. The survival of the mature OL s at low density was 76 Ϯ 14%, and survival was 99 Ϯ 6% for the mature OL s at high density. B, Lack of effect of previous history of growth factor exposure on the survival of low-density mature OL s in cystine-depleted medium (CYS-). The survival of mature OL s generated by continuous exposure of preOLs to mature OL medium for 9 d (Mature OL Medium) did not differ from control. The survival of mature OL s, generated by a 7 d exposure of preOLs to mature OL medium, followed by a 2 d exposure to preOL medium (PreOL Medium), did not differ from control.
Cystine deprivation induces glutathione depletion in preOLs and mature OLs
We next asked whether the difference in viability of preOLs and mature OL s might be attributable to a difference in the glutathione depletion resulting from cystine deprivation. In three separate experiments, this was assessed by serial measurements of the viability and total glutathione content of preOL s and mature OLs during a 24 hr exposure to cystine-depleted medium (Fig. 4) . Figure 4 A indicates that preOL s significantly declined in viability within 12 hr and were completely killed within 24 hr, whereas the viability of mature OL s did not differ from control. Figure 4 B shows that preOL s and mature OL s had a similar rate of glutathione depletion. In three experiments, the glutathione content of mature OL s at 24 hr (0.5 Ϯ 0.1 ng /g protein) did not differ significantly from that of preOL s after 12 hr (0.9 Ϯ 0.2 ng/g protein). In the experiment shown, glutathione in the mature OLs decreased to 11 Ϯ 3% of control at 24 hr compared with a decrease to 14 Ϯ 2% of control in the preOL s at 12 hr. It is noteworthy that although the glutathione level at 12 hr in the preOL s was associated with their eventual death, a similar level in the mature OL s at 24 hr was associated with minimal loss of viability.
It has been proposed that OL s in vitro may be more vulnerable to death induced by oxidative stress than are astrocytes because of a lower basal glutathione content (Thorburne and Juurlink, 1996) . We found, however, that the basal glutathione level of preOL s was significantly higher than that of mature OLs. The basal glutathione level of preOL s was 5.0 Ϯ 0.4 (n ϭ 8) versus 3.2 Ϯ 0.2 ng /g protein (n ϭ 9) for mature OL s (mean Ϯ SE; p ϭ 0.002). Hence, a higher basal glutathione level did not confer on preOL s greater protection against the toxicity of cystine deprivation.
Effect of glutathione-depleting agents on viability and glutathione levels of mature OLs
Because mature OLs were more viable than preOLs under conditions of low glutathione (Fig. 4) , we next asked whether this resistance to the toxic effects of glutathione depletion might also be seen when mature OLs were treated with agents that pharmacologically depleted intracellular glutathione. We tested BSO, an inhibitor of glutathione synthetase (Griffith, 1982) , and DEM, which irreversibly conjugates glutathione and other thiolcontaining compounds (Plummer et al., 1981) . Figure 5A is representative of the results of two dose-finding experiments that compared the effect of a 24 hr exposure to increasing concentrations of BSO on the viability and glutathione content of mature OLs. At 10 M, BSO maximally depleted glutathione but had no effect on cell viability. Figure 5B is representative of three dosefinding experiments that compared the effect on the viability and glutathione content of mature OLs of a 24 hr exposure to increasing concentrations of DEM. Progressive decline in the glutathione content of the mature OLs was not associated with significant loss of mature OL viability. At 100 M DEM, the viability of mature OLs was 70 Ϯ 12% of control (NS), despite depletion of glutathione to 0.2 Ϯ 0.03 ng/g protein. Significant toxicity was observed at 1 mM DEM.
Relative effect of glutathione-depleting agents on the viability of preOLs versus mature OLs
Because cystine deprivation was primarily toxic to preOLs, we next determined whether BSO and DEM might also be more toxic to preOLs than to mature OLs. BSO was significantly more toxic to preOLs (Fig. 6 A) , and in this experiment, the EC 50 for the toxicity of BSO to preOLs was 290 M. The EC 50 for the toxicity of BSO to preOLs was 275 Ϯ 20 M in two separate Figure 4 . PreOLs are markedly more vulnerable to cystine deprivation than mature OL s, despite a similar time course for glutathione depletion. The time course of survival of preOL s and mature OL s in cystine-containing or cystine-depleted medium ( A) was compared relative to the glutathione content of parallel cultures treated with the same conditions ( B). After the indicated exposure times, viability was assayed with AB or glutathione was extracted and assayed. A, PreOL s were completely killed after a 24 hr exposure to cystine-depleted medium. There was no difference in viability at 24 hr for mature OLs in cystine-depleted medium relative to preOL s or mature OL s in cystine-containing medium. B, There was no difference in the decrease in glutathione content of preOL s and mature OL s after a 12 hr exposure to cystine-depleted medium. The glutathione content of the preOLs at 12 hr was 0.7 Ϯ 0.1 ng/g protein and did not differ significantly from that of mature OL s at 24 hr (0.5 Ϯ 0.1 ng /g protein). The glutathione content of preOLs at 24 hr is not shown, because it could not be determined due to complete cell death. Statistical comparisons were by factorial ANOVA.
experiments. By contrast, in this and five additional experiments, we found that BSO had no significant effect on the viability of mature OL s at concentrations Ͻ3 mM. At 10 mM BSO, complete loss of viability was observed in only four of eight experiments (Fig. 6 A) . Figure 6 B shows a representative experiment in which DEM was also found to be markedly more toxic to preOL s than to mature OL s. The EC 50 for the toxicity of DEM to the preOLs was 17 M versus an EC 50 of 103 M for the mature OLs. The EC 50 for the toxicity of DEM to preOL s ranged from 14 to 80 M and was 17 Ϯ 3 M for three of four experiments. The EC 50 for the toxicity of DEM to mature OL s ranged from 103 to 333 M and was 148 Ϯ 43 M for five of six experiments.
Relative effect of glutathione-depleting agents on glutathione levels in preOLs and mature OLs
We next asked whether the enhanced toxicity of BSO and DEM to preOL s might be attributable to a difference in the efficacy of the effect of these agents on glutathione depletion in preOLs. To accurately measure glutathione depletion within preOLs, it was first necessary to determine whether a period of exposure to BSO or DEM could be identified when the total glutathione content was maximally depleted but when no significant loss of cell viability occurred. We found that these conditions were met by an 8 hr exposure to 200 M BSO or a 4 hr exposure to 100 M DEM (data not shown). Figure 6C ,D is representative of two experiments that compared the effect of an 8 hr exposure to BSO or a 4 hr exposure to DEM on the glutathione level of preOLs and mature OL s. Both BSO and DEM were actually found to deplete glutathione more potently in mature OL s. The EC 50 value for glutathione depletion by BSO was 2.1 M for the preOLs compared with 0.5 M for the mature OLs. The EC 50 value for glutathione depletion by DEM was 33 M for the preOLs compared with 5.2 M for the mature OLs. In the two separate experiments, the mean EC 50 value for glutathione depletion by BSO was 6.1 Ϯ 5.6 M for the preOLs versus 0.7 Ϯ 0.3 M for the mature OLs. The EC 50 for glutathione depletion by DEM was 30 Ϯ 4 M for the preOLs versus 5.0 Ϯ 0.3 M for the mature OLs ( p Ͻ 0.05). In three additional experiments, a 24 hr exposure to BSO was also more potent in depleting glutathione in mature OLs. The mean EC 50 value for glutathione depletion by BSO was 2.2 Ϯ 0.1 M for the preOLs compared with 0.2 Ϯ 0.03 M for the mature OLs ( p Ͻ 0.001). Glutathione depletion in the preOLs and mature OLs could not be reliably determined after a 24 hr exposure to DEM because of high dose toxicity and resulting cell loss. In summary, despite the fact that preOLs were more vulnerable to the toxicity of glutathione depletion, BSO and DEM were more potent in depleting glutathione in mature OLs than in preOLs.
Effect of glutathione depletion on free radical generation in preOLs versus mature OLs
We next asked whether the decreased viability of preOLs in response to glutathione depletion might be related to increased free radical generation, as assessed by oxidation of dihydrorhodamine 123 to the cationic fluorescent probe rhodamine 123 (Rh 123). When we compared the oxidation of dihydrorhodamine 123 by preOLs and mature OLs exposed to cystine-depleted medium, there was a marked increase in Rh 123 fluorescence in preOLs that was observed throughout the cultures after more than a 12 hr exposure (Fig. 7A) . Visualization of Rh 123 fluorescence by confocal laser microscopy revealed that the probe was heavily concentrated within the cytoplasm (Fig. 7B) . Figure 7C shows a representative experiment in which the magnitude of the increase in Rh 123 fluorescence in preOL s and mature OL s exposed to cystine deprivation was quantitated by confocal laser microscopy (see Materials and Methods). After a 15 hr exposure to cystinedepleted medium, preOL s had a 3.9-fold increase in Rh 123 compared with control. In seven separate experiments, preOLs displayed a 4.6 Ϯ 0.8-fold increase in Rh 123 relative to control ( p Ͻ 0.001). In contrast, in three separate experiments mature OLs, after periods of cystine deprivation up to 22 hr, showed no significant increase in fluorescence relative to control preOLs or control mature OLs. We also detected no significant Rh 123 fluorescence in either untreated preOLs or mature OLs cultured in cystine-containing medium (data not shown), suggesting that there was no apparent difference in the basal levels of intracellular reactive oxygen species (ROS) in OLs at either stage.
Free radical scavengers protect preOLs from the toxicity of cystine deprivation
We next tested the hypothesis that if the toxicity of glutathione depletion was mediated by the deleterious effects of intracellular free radicals, free radical scavengers should prevent the death of preOLs caused by exposure to cystine-depleted medium. Figure  8 A is representative of three separate experiments in which both Figure 6 . PreOLs are more vulnerable to the toxicity of BSO ( A) or DEM ( B), despite the fact that these agents more potently deplete glutathione in mature OLs (C, D) . A, The EC 50 for the toxicity of BSO to preOL s was 290 M and to mature OL s was 3.3 mM. B, The EC 50 for the toxicity of DEM to preOLs was 17 M and to mature OL s was 103 M. For the glutathione measurements, glutathione was extracted after an 8 hr exposure to BSO ( C) or a 4 hr exposure to DEM ( D), at which times there was no loss of cell viability, as described in Results. In this experiment, the EC 50 for the effect of BSO on the glutathione content of the preOL s was 2.1 M and on the mature OL s was 0.5 M. The EC 50 for the effect of DEM on the glutathione content of the preOLs was 33 M and on the mature OL s was 5.2 M. Similar results were obtained in one additional experiment.
␣-tocopherol (30 M) and idebenone (1 M) completely prevented the death of preOL s induced by cystine deprivation. Ascorbate (100 M) failed to protect preOL s (n ϭ 3), and superoxide dismutase and catalase (10 U/ml) also had no protective effect (n ϭ 3) (data not shown).
To determine whether the protective effect of ␣-tocopherol and idebenone was mediated by preventing a decline in intracellular glutathione or by conferring protection distal to the actions of glutathione, we measured glutathione levels in cultures of pre-OL s exposed to cystine-depleted medium in the presence of either free radical scavenger (Fig. 8 B) . We found that although ␣-tocopherol and idebenone markedly protected against cell death in cystine-depleted medium (Fig. 8 A) , these compounds did not block the depletion of intracellular glutathione. We next determined whether the protective effects of ␣-tocopherol and idebenone were mediated by preventing an increase in free radical generation, as assessed by measuring Rh 123 in preOLs subjected to cystine deprivation in the presence of either antioxidant. In two separate experiments, both ␣-tocopherol (30 M) and idebenone (1 M) completely prevented the increase in Rh 123 that was observed in untreated preOL s (Fig. 8C) .
Glutathione monoethylester rescues preOLs from the toxicity of cystine deprivation or BSO exposure
If the toxicity of cystine deprivation to preOL s was mediated principally by causing a decline in intracellular glutathione, then the toxicity might be prevented by delivery of reduced glutathione into the cells. Although reduced glutathione is poorly transported into cells, esterified forms of glutathione are effectively taken up (Anderson et al., 1994) . We evaluated the ability of glutathione monoethylester (GM EE) to protect preOL s against the toxicity of cystine deprivation. Figure 9A is representative of three experiments in which 1 mM GM EE markedly protected preOLs against the toxicity of a 24 hr exposure to cystine-depleted medium, with a survival of 72 Ϯ 14%. The mean survival from these three experiments was 78 Ϯ 17%. There was no significant toxicity of 1 mM GMEE (data not shown). To determine whether the protective effect of GMEE was mediated by preventing an increase in free radical generation, Rh 123 was quantitated in preOLs subjected to cystine deprivation (Fig. 9B) . In two separate experiments, 1 mM GMEE completely prevented the increase in Rh 123 fluorescence that was observed in cystinedeprived preOLs.
The finding that the potency of BSO to deplete glutathione in preOLs was greater than its toxicity (i.e., the EC 50 for the toxicity of BSO was 275 Ϯ 20 M, whereas the EC 50 for glutathione depletion by BSO was 6.1 Ϯ 5.6 M) raised the question of whether the toxicity of BSO might be mediated through multiple mechanisms. However, if the toxicity of BSO to preOLs were principally mediated via a decline in intracellular glutathione, GMEE might prevent the toxicity. In three experiments, 1 mM GMEE markedly protected preOLs against exposure to 10 mM BSO, with a mean survival of 87 Ϯ 14% ( p Ͻ 0.001 relative to control or 10 mM BSO).
Maturation-dependent difference in OL vulnerability to xanthine-xanthine oxidase
Having shown a difference in OL vulnerability to glutathione depletion, we next sought to determine whether preOLs were also more vulnerable than mature OLs to oxidative stress when glutathione levels were not manipulated. To test this hypothesis, we examined the toxicity of oxygen radicals generated exogenously by xanthine-xanthine oxidase. The superoxide anion generated by this system is converted into several oxygen radicals, including hydrogen peroxide and hydroxyl radical (Kuppusamy and Zweier, 1989; Aizenman, 1995) . Dose-finding experiments indicated that maximal toxicity to preOLs was achieved with a concentration of xanthine as low as 50 M and 5 mU/ml xanthine oxidase (data not shown). Under these conditions, the toxicity of xanthine oxidase was significantly greater to preOLs than mature OLs. As shown in Figure 10 , the viability of preOLs was 14 Ϯ 5%, whereas mature OLs had a significantly greater viability of 73 Ϯ 1% ( p Ͻ 0.001). In four experiments, the mean preOL survival was 19 Ϯ 5 versus 68 Ϯ 2% for mature OLs.
Ultrastructural features of free radical-mediated toxicity to preOLs
We reported previously that glutathione-depleted immature OLs grown under serum-rich conditions displayed a number of features consistent with death via apoptosis (Back et al., 1995) . To further characterize the mechanism of free-radical mediated toxicity to preOLs, we undertook an ultrastructural analysis of preOLs subjected to cystine-deprivation. After 14.5 hr of exposure to cystine-depleted medium, cellular profiles of preOLs were captured at progressive stages of degeneration (Fig. 11 ). In contrast to control cells (Fig. 11 A) , an early feature of dying cells was margination of the chromatin (Fig. 11 B) . At later stages, chromatin became progressively more condensed (Fig. 11C) until the nucleus was reduced in size and uniformly filled with chromatin (Fig. 11 D) . At all stages of degeneration, the integrity of the plasma and nuclear membranes was retained, but a loss of mitochondrial integrity was observed (Fig. 11 B, C) . In contrast to control preOLs, mitochondria were uniformly spherical in shape in the cystine-deprived cells, and the cristae were not visualized. Mitochondria were markedly swollen in the end-stage cells (Fig. 11 D) .
DISCUSSION
We developed a novel tissue culture model system to examine the hypothesis that PVL arises because of a maturation-dependent vulnerability of OL precursors to death induced by oxidative stress (Back and Volpe, 1997) . We demonstrated that preOLs, in contrast to mature OLs, displayed increased susceptibility to death associated with free radical-mediated injury induced by glutathione depletion or exogenous ROS. These maturationdependent differences in vulnerability to oxidative stress may be significant for the pathogenesis of PVL, insofar as PVL has its peak incidence in the premature infant (Volpe, 1995 (Volpe, , 1997 at a time when OL precursors appear to predominate in the cerebral white matter .
The maturation of OLs correlated with increased resistance to oxidative stress, as supported by the following data: (1) mature OLs were significantly less vulnerable to glutathione depletion caused by cystine deprivation, BSO, or DEM (Figs. 3-6) ; (2) despite a greater potency to deplete glutathione in mature OLs, BSO and DEM were less toxic to them (Fig. 6) ; (3) exposure to ROS generated by a xanthine-xanthine oxidase system caused significantly less toxicity to mature OLs than preOLs (Fig. 10) ; and (4) mature OLs failed to generate intracellular ROS under conditions of glutathione depletion that triggered a marked increase in preOLs (Figs. 7) . Moreover, the increased resistance of mature OLs to oxidative stress was observed, despite a lower 4 cultures. A, The viability of the free radical scavenger-treated cultures differed significantly from cultures in cystine-depleted medium but did not differ significantly from control. *p Ͻ 0.05; **p Ͻ 0.05. B, Glutathione content was significantly decreased in cultures in cystine-depleted medium, with or without added free-radical scavengers, compared with control. *p Ͻ 0.001. C, The relative intensity of Rh 123 fluorescence of preOL s in cystine-depleted medium was increased significantly relative to control cultures or to those treated with either free radical scavenger. *p Ͻ 0.001. Statistical comparisons in A-C were by one-way ANOVA. Figure 8 . The free radical scavengers ␣-tocopherol and idebenone protect preOLs against cystine-deprivation ( A) via a mechanism downstream of glutathione depletion ( B) that suppresses free radical production ( C). The relative effect of these free radical scavengers on the viability ( A), intracellular glutathione content ( B), and relative intensity of Rh 123 fluorescence ( C) of preOL s in cystine-depleted medium is shown. Free radical scavengers were added to cystine-depleted medium, and after a 24 hr exposure, parallel cultures were either assayed for viability with AB ( A) or glutathione was extracted and assayed ( B). Rh 123 fluorescence was quantified after a 15 hr exposure to cystine-depleted medium ( C) when preOLs in cystine-depleted medium remained viable. The ␣-tocopherol and idebenone were dissolved in DMSO, and an equivalent amount of DMSO (0.1% of final medium) was added to control basal glutathione level in mature OL s than in preOLs and no apparent difference in basal free radical generation. The basis for the increased resistance of mature OL s to oxidative stress is unclear but could involve glutathione-dependent mechanisms, because differences in the rate of total glutathione turnover or the depletion of different subcellular glutathione pools might underlie the increased resistance to oxidative injury. The fact that cystine deprivation similarly reduced the glutathione content in both OL stages (Fig. 4) supports the persistence of cystine transport mechanisms in mature OLs that regulate cystine uptake for glutathione synthesis.
The increased vulnerability of the preOL to oxidative stress correlated with a greater dependence on intracellular glutathione for survival. We found the following: (1) preOL s were more vulnerable than mature OLs to the same degree of glutathione depletion, whether it was caused by cystine deprivation, BSO, or DEM; (2) glutathione depletion caused a marked rise in ROS (Fig. 7) , whose toxicity could be prevented by the antioxidants ␣-tocopherol and idebenone (Fig. 8) ; and (3) the toxicity of glutathione depletion was prevented by glutathione replacement with glutathione monoethylester (Fig. 9) . These data point to a critical role for glutathione in preventing ROS-mediated injury in preOLs. Because glutathione can prevent ROS generation through multiple mechanisms, delayed maturation of one or more of these may underlie the increased vulnerability of preOLs to glutathione depletion. Glutathione scavenges ROS through glutathione peroxidase, a key antioxidant enzyme (Meister, 1989; Vina, 1990) , conjugates 4-hydroxynonenal, a lipid peroxidation product that mediates neuronal apoptosis caused by oxidative stress (Kruman et al., 1997) , and suppresses the activity of 12-lipoxygenase, which has been linked to apoptosis of immature cortical neurons through a pathway involving a downstream rise in ROS generation and calcium influx (Li et al., 1997) . Maturational differences in expression of enzymes that regulate glutathione levels could also underlie the increased vulnerability of preOLs to glutathione depletion (Vina, 1990) .
It remains unclear whether glutathione depletion alone is sufficient to trigger the death of preOLs. That glutathione depletion is necessary for preOL death is supported by the protection rendered by GMEE to cystine-deprived preOLs (Fig. 10) . Despite the fact that the potency of BSO and DEM to deplete glutathione was greater than their potency to produce toxicity, BSO toxicity also appeared to be mediated through glutathione Figure 9 . GMEE enhances the survival ( A) of preOL s exposed to cystine-depleted medium (CY STINE-) and suppresses free radical production ( B) as measured by the relative intensity of Rh 123 fluorescence. C ells were exposed to 1 mM GM EE from the onset of the experiment. A, Survival in the presence of GMEE was 72 Ϯ 14% relative to cultures in cystine-depleted medium. *p Ͻ 0.001. B, Treatment with GM EE suppressed Rh 123 fluorescence relative to preOLs exposed to cystine-depleted medium for 15 hr. Statistical comparisons were among relative fluorescence intensity in cystine-depleted medium versus cystine-containing medium (CY STINEϩ) or cystine-depleted medium with GM EE. *p Ͻ 0.001. There was no significant difference between the GMEE-treated cultures and control (CY STINEϩ). Statistical comparisons in A and B were by one-way ANOVA. Figure 10 . PreOLs are more vulnerable than mature OL s to oxygen radicals generated by xanthine oxidase. OL viability was assessed 16 hr after exposure to xanthine (50 M) and xanthine oxidase (5mU/ml), as described in Materials and Methods. The viability of preOL s was 14 Ϯ 5%, whereas mature OLs had a significantly greater viability of 73 Ϯ 1% ( p Ͻ 0.001). There was no significant difference between mature OL s in the control or treated groups. The survival of the treated preOL s differed significantly from the control preOL s ( p Ͻ 0.001). Statistical comparisons were by factorial ANOVA.
depletion, because GM EE rescued preOL s from BSO-induced death. One explanation for the disparity between the potency of BSO and DEM to deplete glutathione and their toxicity may be that these agents less effectively deplete mitochondrial glutathione (Meredith and Reed, 1982; Griffith and Meister, 1985) . Because mitochondrial glutathione derives from the cytosolic pool (Griffith and Meister, 1985) and has a much longer half-life than cytosolic glutathione (Meredith and Reed, 1982) , BSO and DEM may not be toxic to preOLs except at higher concentrations that effectively deplete the mitochondrial pool.
Although the susceptibility of preOLs to glutathione depletion appears related to intracellular ROS generation, the mechanism Figure 11 . Ultrastructural analysis of the morphological changes observed in glutathione-depleted preOL s captured at various stages of degeneration ( B-D) after a 14.5 hr exposure to cystine deprivation. A, Control preOL showing the eccentrically situated nucleus with a uniform distribution of chromatin adjacent to the nuclear membrane. The nucleolus ( n) is localized at the center of the nucleus. Mitochondria are uniformly distributed and heterogeneous in shape, and the cristae are readily visualized. B, Note the margination and clumping of chromatin and the condensation of the nucleus and nucleolus ( n). Mitochondria are uniformly spherical in shape, and the cristae are no longer visualized (arrowheads). C, In this very degenerated cell, the markedly electron-dense chromatin is condensed and marginated along the intact nuclear membrane, and several droplets of condensed chromatin are present within the nucleus. Most of the degenerated mitochondria (arrowheads) are localized to the lef t of the nucleus, several swollen mitochondria are visible (open arrows), and the plasma membrane is intact. D, In this end-stage cell, the chromatin is extremely condensed within the markedly shrunken nucleus. Several extremely swollen mitochondria are visible (arrowheads). The plasma membrane is intact. Scale bars: A, B, D, 1 m; C, 2 m. .
